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Understanding how Earth has sustained surface liquid water throughout its history remains a key challenge, given that the Sun's luminosity was much lower in the past. Here we show that with an atmospheric composition consistent with the most recent constraints, the early Earth would have been significantly warmed by H 2 -N 2 collision-induced absorption. With two to three times the present-day atmospheric mass of N 2 and a H 2 mixing ratio of 0.1, H 2 -N 2 warming would be sufficient to raise global mean surface temperatures above 0°C under 75% of present-day solar flux, with CO 2 levels only 2 to 25 times the present-day values. Depending on their time of emergence and diversification, early methanogens may have caused global cooling via the conversion of H 2 and CO 2 to CH 4 , with potentially observable consequences in the geological record.
O ne of the most durable questions about Earth's early climate arises from the faint young Sun effect: Because progressive accumulation of He in a star's core causes its luminosity to increase with age (1), the solar energy incident on Earth was significantly lower [∼75% of present-day values 3.8 billion years ago (Ga)] during the Hadean and Archean eras (2) . Because geological evidence shows that Earth was not in a globally glaciated, snowball state throughout this time (3), additional mechanisms must have been present to warm the climate.
Previous explanations for this altered climate have included increased atmospheric ammonia or CH 4 , a decreased surface albedo, and changes in the distribution of clouds (2, 4, 5) . However, all of these mechanisms have subsequently been shown to suffer important defects (6, 7). Increased atmospheric CO 2 is one plausible solution because of the climate buffer provided by the crustal carbonate-silicate cycle (8) , but efficient mantle CO 2 cycling in the Hadean and Archean probably reduced the strength of this feedback (9) . Interpretation of the geological record is difficult, but analyses of mid-to late Archean paleosols suggest between~10 and 50 times the present atmospheric level (PAL) of CO 2 (7, 10) . Even lower values (around three times PAL) have been derived from analysis of magnetite and siderite equilibria in Archean banded iron formations, although the underlying assumptions behind these limits have been questioned (5, 7) .
One recently proposed mechanism for counteracting the faint young Sun is pressure-induced broadening of the absorption lines of existing greenhouse gases due to increased atmospheric N 2 , which alone should cause a warming of between 3 and 8 K (11). Recent attempts to estimate atmospheric density from fossil raindrop imprints suggest a value near that of the present day around 2.7 Ga, with an upper limit of double the present value (12) . However, the mantle has a large N inventory that is correlated with radiogenic 40 Ar but not primordial 36 Ar, indicating that it originated from subducted crust, where it had most likely been fixed biologically. It is therefore likely that on the pre-biotic/early Archean Earth, the atmospheric N 2 content was around two to three times the present-day value (11) .
Hydrogen, the most abundant gas in the solar system, has previously been ignored in the Archean climate budget, presumably because it was long thought to be a minor constituent even in the early atmosphere (13) . After the initial loss of Earth's primordial hydrogen envelope, the mixing ratio of H 2 in the atmosphere was primarily determined by a balance between outgassing, surface/ocean chemistry, and escape to space. It was long believed that the escape of H 2 in the Archean was rapid, with diffusion from the lower atmosphere to the exobase the limiting factor, as it is today. However, recent numerical calculations imply that the rate of hydrodynamic H 2 escape on the early Earth was more strongly constrained by the adiabatic cooling of the escaping gas, given a limited extreme ultraviolet (XUV) energy input (14-16). As a result, H 2 could have been a major constituent (up to ∼30% by volume) of the Archean atmosphere unless surface or ocean biogeochemistry continuously removed it.
A single H 2 molecule is homonuclear and diatomic and hence has no direct vibrational or rotational absorption bands. Nonetheless, mo- lecular hydrogen interacts strongly with infrared radiation via collision-induced absorption (CIA), the strength of which scales with the product of the densities of the two interacting gases. CIA has been well studied for the gas giant planets and Titan, where it dominates radiative transfer in the middle and lower portions of the atmosphere (17, 18). On early Earth, N 2 and H 2 may both have been abundant in the atmosphere, so interacting pairs of N 2 -N 2 , H 2 -N 2 , and H 2 -H 2 should all be considered as potential contributors to greenhouse warming. Figure 1A shows the H 2 and N 2 CIA bands alongside absorption bands of the other main greenhouse gases in the primitive atmosphere. Although N 2 -N 2 dimer absorption is strong in the 0 to 300 cm −1 part of the spectrum, it is overwhelmed by H 2 O absorption and is too far from the peak of blackbody emission at terrestrial temperatures to have a significant effect. H 2 -H 2 absorbs over a much broader spectral range, but the dependence of CIA on the squared density of the gas means that even for the upper-limit estimates of H 2 mixing ratios, its overall effect is small. The N 2 -H 2 band, however, absorbs strongly, and it peaks near the critical 750 to 1200 cm
window region, where the contribution of all the other gases to opacity is small.
To investigate the climatic effects of this previously neglected opacity, we performed onedimensional (1D) radiative-convective simulations for a range of plausible Archean atmospheric compositions. We used a correlated-k, two-stream radiative transfer scheme (19) with 80 bands in the infrared and 36 bands in the visible. Temperaturepressure profiles were created over 80 vertical levels, with moist adiabatic adjustment assumed when the temperature profile became unstable to convection. A solar flux of 75% of the presentday level (1024.5 W m −2 ) was assumed, and the surface albedo was set to 0.23 (20) . Figure 1B shows the resulting decrease in outgoing longwave radiation (OLR) in each band due to the presence of H 2 for an atmosphere with the same composition as shown in Fig. 1A . The OLR is significantly reduced in the 750 to 1200 cm −1 window region and around 500 cm −1 , whereas minor increases occur around the 15-mm CO 2 absorption band because of the decrease in atmospheric lapse rate as H 2 levels increase. Because the H 2 -N 2 absorption spectrum overlaps with those of water vapor and CO 2 , radiative forcing from H 2 -N 2 is highest when these gases are scarce. The radiative forcing also increases strongly with the atmospheric N 2 content because of the dependence of CIA on the density of each (Table 1 and Fig. 2B ) (21). To determine the increase in equilibrium surface temperature under this forcing, we next ran the radiative-convective model in time-stepping mode. Figure 2 , C to E, shows that when atmospheric N 2 is elevated, higher H 2 mixing ratios cause significant increases in surface temperature. At PAL N 2 , H 2 -N 2 CIA causes at most 2 to 3 K of warming, but this rises to 10 to 15 K as N 2 levels are increased. Given a H 2 mixing ratio of 10% and 2 × PAL N 2 , mean surface temperatures exceed the melting point of water for CO 2 levels ∼25 × PAL. At 3 × PAL N 2 , only ∼2 × PAL CO 2 is required.
To what extent could H 2 -N 2 warming have influenced the evolution of Earth's early climate? We can begin by considering the limiting case where no significant biological alteration of the atmosphere occurred. Then, the H 2 abundance in the early atmosphere can be determined by a Figure 3 shows estimated CO 2 concentrations under 75% of the present-day solar flux for various CO 2 outgassing rates, assuming no biological alteration of the atmosphere. Seafloor weathering is neglected in the calculation (9), so the CO 2 levels shown are most likely overestimated. Even so, it is clear that high H 2 and N 2 could easily have reduced atmospheric CO 2 to below 100 × PAL even under 75% solar flux. After the emergence of life, the extent of biological alteration of the atmosphere was dependent on the energy source and net productivity of the dominant ecosystem. Of particular interest in the context of H 2 -rich atmospheres are methanogens, which feed on the chemical energy released by combining CO 2 and H 2 in the reaction CO 2 + 4H 2 → CH 4 + 2H 2 O. Phylogenetic analyses suggest that these organisms evolved at some point in the mid-Archean, with hyperthermophilic methanogenesis preceding the mesophilic adaptation by at least several hundred million years (24, 25). Although in small quantities CH 4 causes warming, its potential as a greenhouse gas is limited by the separation of its main absorption band from the peak of blackbody absorption (Fig. 1A) and its conversion to photochemical haze for [CH 4 ]/[CO 2 ] ratios greater than ∼0.1, which tends to have a cooling effect (6) .
For methanogens to have increased surface temperatures after their emergence, therefore, the biological conversion of CO 2 . However, in the early Archean, the reduced continental area and increased ocean volume likely made nutrient and habitat limitations significantly more stringent than they are today (27). If habitat limitations were not important, emergent methanogens in an early climate dominated by H 2 -N 2 and CO 2 warming would have continued to consume H 2 and CO 2 rapidly until global cooling became the limiting factor on biological productivity (28). In the most drastic scenario, global glaciation would result, followed by a buildup of CO 2 and H 2 levels until the climate warmed again. Earth was ice-free throughout most of the Archean, but geological evidence exists for an early glaciation event 2.8 to 2.9 Ga (29), which may have been caused by the rise of methanogenesis. Understanding the detailed effects of the early biosphere on climate requires 3D climate simulations coupled with models of the (local) dependence of ecosystem productivity on surface temperature and nutrient availability. This is an important topic for future study.
Methanogens are often assumed to have been an integral part of the early Archean ecosystem because a CH 4 greenhouse was believed necessary to solve the faint young Sun problem. In contrast, our results show that an early climate dominated by abiotic H 2 -N 2 and CO 2 warming is consistent with both observational and theoretical limits on atmospheric CO 2 levels and phylogenetic analyses suggesting later diversification of the Archaea. H 2 -N 2 warming is also likely to be important in the search for biosignatures on super-Earth exoplanets, whose higher masses imply lower energy-limited hydrogen escape rates and larger typical atmospheric N 2 inventories. Because incident XUV flux is a function of orbital distance, H 2 -N 2 warming may be of particular importance to the habitability of terrestrial exoplanets that are far from their host stars. or heating due to heavier gases into account, leading to some claims that they underestimated the total H 2 escape (33). However, nonthermal escape is only dominant on the present-day Earth and should have been limited in the Archean (34), and infrared emission from radiatively active neutral species such as CO 2 Fig. 3 we expressed the CO 2 carbonate-silicate weathering rate as
TU Þ (35). We then set W equal to the assumed CO 2 outgassing rate Fig. 3 
